Abstract. This paper uses dissipation values derived from UARS/HRDI observations in a recently published diurnal-tide model. These model structures compare quite well with the UARS/HRDI observations with respect to the annual variation of the diurnal tidal amplitudes and the size of the amplitudes themselves. It is suggested that the annual variation of atmospheric dissipation in the mesosphere-lower thermosphere is a major controlling factor in determining the annual variation of the diurnal tide.
Introduction
The diurnal tide in the mesosphere-lower thermosphere (MLT) region has received a good deal of attention in recent years. Some of this is due to its observed prominence in the HRDI/WINDII observations (see, e.g., Morton et al., 1993; Hays et al., 1994; McLandress et al., 1996) while another factor is recent advancement in modeling the diurnal tide and its annual variation (Hagan et al., 1995a) . There have also been recent attempts to combine observations and models to derive a climatology of the diurnal tide .
The purposes of this paper are to try to resolve some of the apparent discrepancies between observations and model results for the diurnal tide and to gain some insight into the atmospheric processes that control its variation. In Sect. 2, some of these previous model and observational results will be presented. Section 3 shows some new modeling results in comparison with observations. Section 4 discusses the results, and Sect. 5 gives the conclusions of this paper.
Observations and model results for the diurnal tide
Early HRDI observations on UARS clearly showed that the diurnal tide dominates the low-latitude wind ®elds at 90 km (Morton et al., 1993) . More detailed analysis of the HRDI data by Hays et al. (1994) showed some of the quantitative features of the diurnal tide in these data. For instance, Fig. 1 (adapted from Hays et al., 1994) shows that the (1,1) diurnal tidal mode at 90 km is observed to maximize during the periods October± November and March±April, 1992, with the amplitude maxima of the diurnal variation in northward wind velocities being about 80 m s A1 . This semiannual variation in the diurnal tidal amplitude had been pointed out earlier in radar wind measurements by Vincent et al. (1989) ; it should be noted, however, that their model results and observations have, at most, about half the amplitude shown in Fig. 1 . Vincent et al. (1989) pointed out that the model simulations should be very sensitive to the dissipation being used in the models and that``studies of the diurnal tide at low-mid-latitudes will themselves lead to improved understanding of the eects of dissipation'' (Forbes and Vincent, 1989) . Hagan et al. (1995a,b) have presented their new modeling results on the annual variation of the diurnal tide. Their formulation is based upon the linear tidal model of Forbes (1982) . It utilizes Groves ' (1982) tabulations for the tropospheric tidal forcing, and the stratospheric and mesospheric tidal heating is based upon the parameterization of Strobel (1978) , using updated inputs. The dissipation includes ion drag, molecular and eddy viscosity and conductivity, radiative damping, and a formulation for gravity wave drag. The molecular viscosity and conductivity, ion drag, and radiative damping are as discussed in Hagan et al. (1993) and Forbes (1982) . The values of the eddy viscosity and conductivity are based on the monthly climatology calculated by Garcia and Solomon (1985) , with the eects of molecular diusion and the breaking diurnal tide removed. The eective Rayleigh friction that was derived for the eects of gravity wave drag on the diurnal tide by Miyahara and Forbes (1991) is used. Figure 2 shows the January, April, July, and October diurnal amplitudes (from Hagan et al., 1995a) . Figure 3 shows the comparison of the diurnal amplitudes and phases for the diurnal tidal variation in the northward wind near 20°N (the amplitude of the (1,1)-mode of the northward velocity maximizes at 22°) in April with that derived from HRDI measurements for April 1992, assuming a pure (1,1)-modal variation, and with MF radar measurements at Kauai, Hawaii, during April 1992. One sees that the HRDI amplitudes are the largest and the radar amplitudes the smallest, with the model results in between. (It should be pointed out that while the amplitudes show some disagreement, the phases agree very well.) Furthermore, the dashed line in Fig. 1 shows the annual variations of the diurnal tidal variations in the northward wind from the model of Hagan et al. (1995a) . Basically, one sees that the Hagan et al. (1995a) model results show larger amplitudes than observed by HRDI during the solstitial seasons and smaller amplitudes during the equinoctial seasons. Thus, the model results show a smaller annual variation of the diurnal tide than that observed by HRDI. et al. (1997a,b) have developed a new method for extracting tidal structures from the UARS/HRDI observations. They use a linearized tidal model which is similar in structure to that of Hagan et al. (1995a) but with more simpli®cations, together with the HRDI data in the following manner. First, the tidal model is used to solve for the diurnal tide using climatological estimates for the mean zonal wind and temperature structures. The modeled diurnal variations in the meridional velocity component are then compared with the diurnal variation of the meridional wind component from the UARS/HRDI measurements over a month. Quite good agreement is found between the modeled and observed phases, with less agreement between the amplitudes. First, the modeled phases are adjusted to agree with the UARS/HRDI observed values, where they are available. This is then followed by an adjustment in the amplitudes. By this procedure, a climatology for the diurnal variation in the meridional wind component is derived that is in reasonable agreement with the UARS/HRDI observations and shows the general global behavior of the model results. By these means, the diurnal variation in the meridional wind component is determined. This is used together with the governing equations (equations of motion, thermodynamics, continuity, and state) in an iterative scheme to determine the other diurnal tidal variables (zonal wind, vertical wind, temperature, density, and pressure) and to correct the ®rst guess for the meridional winds to be consistent with the governing equations. These are then used in the tidal energy equation to derive the implied atmospheric dissipation. More details on these procedures are in Khattatov et al. (1997a, b) . Khattatov et al. (1997a) used dissipation in the form of equal coecients for Rayleigh friction and Newtonian cooling to make their model calculations less computationally demanding. Therefore, Khattatov et al. (1997b) obtained the implied Rayleigh friction and Newtonian cooling coecients and derived the implied diusion term, K zz , by determining the local vertical wavelength from the derived phases for the diurnal tide and dividing the Rayleigh friction coecient by the vertical wavenumber squared. These distributions of K zz are shown in Fig. 4 . Note that these values of K zz include the eects of all of the dissipation mechanisms in that they supply sucient dissipation to make the diurnal tidal structure consistent with observations. Note that the values of K zz increase upward and are, in general, larger in the winter hemisphere than in summer. We have highlighted the 200 m 2 s A1 contour since Forbes and Vincent (1989) have suggested that at the altitude where this value is reached the diurnal tide will cease growing and decay above. The Khattatov et al. (1997a, b) diurnal tidal amplitudes and the K zz values in Fig. 4 are generally consistent with this result, except for June and July. The tidal and atmospheric dissipation structures are much more uncertain during these months since we have less data for this time (because of satellite and instrumental malfunctions).
The new model results

Khattatov
While Hagan et al. (1995a) used the best of their knowledge of atmospheric processes in determining the parameters used in their modeling, some speci®cations are quite uncertain. In particular, Yudin et al. (1997a) argue that gravity-wave parameterizations have been mostly constrained by ®tting the mean zonal winds and temperatures at middle and high latitudes and that the new UARS/HRDI observations of the diurnal tide represent a unique constraint on the atmospheric dissipation at low latitudes (between about 30°north and south). Thus, we have tried the following numerical experiment. We removed all of the speci®cations of atmospheric dissipation in the Hagan et al. (1995a) model and replaced them with the determination of K zz Fig. 1 . Time-series of the estimated (1,1) meridional amplitude at 90 km (after Hays et al., 1994) . The dashed curve shows results from the calculations of Hagan et al. (1995a) , while the dotted curve shows results using the same model but with the dissipation inferred by Khattatov et al. (1997b) . The peak amplitude of the (1,1) meridional tidal velocities occurs at about +22°latitude in Khattatov et al. (1997b) in both the momentum and thermodynamic equations. Figure 5 shows the amplitudes for the diurnal variation of the northward velocity component derived in this manner. Comparing this to the earlier results of Hagan et al. (1995a) shows the following. The January tidal amplitudes shown in Fig. 5 have a bit more hemispheric asymmetry with maximum amplitudes in the southern (summer) hemisphere, but the general January amplitudes are quite similar in Figs. 2 and 5. The April amplitudes in Fig. 5 are much larger than those in Fig. 2 , by almost a factor of 2. The July results in Fig. 5 are also much larger than those in Fig. 2 , but it should be noted that Khattatov et al. (1997a) have indicated that their derived tidal structures, and the resulting dissipation, during this month are probably spurious due to less data being available and possible contamination by the nontidal motions. Finally, the October results in Fig. 5 are signi®cantly larger than those in 
Discussion of results
The main conclusion of this paper is that it is probably the incorrect speci®cation of atmospheric dissipation which is responsible for the inability of ®rst-principle tidal models to determine correctly the annual variation and amplitude of the diurnal tide in the MLT region. ) from calculations for the diurnal tide of Hagan et al. (1995a) This is not a surprising result. Yudin et al. (1997a) have pointed out that there have been very few observational constraints on atmospheric dissipation, in general, and gravity-wave parameterization, in particular, at low latitudes. As was pointed out earlier, Vincent et al. (1989) indicated that they believed that studies of the diurnal tide would lead to a greater understanding of atmospheric dissipation. Having said this, however, more discussion is needed to place the present results in a proper context.
Referring to Figure 3 , we see that there is a great dierence in the structure of the diurnal tide that is derived from UARS/HRDI observations from that derived from MF radar observations. Namely, according to UARS/HRDI measurements, the diurnal tide reaches higher amplitude and maximizes at higher altitudes. This is a consequence of the negative wind speed bias in MF radar measurements relative to UARS/HRDI measurements above about 85-km altitude (e.g., Burrage et al., 1996; Khattatov et al., 1996) . Obviously then, if one repeated the exercise of deriving the implied atmospheric dissipation from MF radar measurements (instead of HRDI measurements), greater atmospheric dissipation would be found at MLT altitudes. Several workshops have been held to try to resolve the dierences in wind measurements from UARS and MF radars. According to Cervera and Reid (1995) , depending on operational parameters, MF radars also show a negative wind speed bias relative to meteor radar measurements. Also, UARS wind measurements appear to be consistent with the diurnal variations in green-line airglow that have been seen in WINDII data by Shepherd et al. (1995) . Modeling results suggest that the diurnal tide with amplitudes derived from the HRDI and WINDII measurements on UARS will produce the observed diurnal variation in green-line airglow while the diurnal tide derived from MF radar measurements will not (Roble, personal communication).
The calculations presented in this paper rely on something of a circular argument; that is to say, that tidal calculations using the atmospheric dissipation derived to be consistent with UARS measured tides give tidal structures that also agree with UARS observations. We acknowledge this point, but the main conclusion of this paper is that the dissipation formulations being used in state-of-the-art ®rst-principle tidal models give results that are at variance with observations (too small diurnal tidal amplitudes and not enough annual variation) and are probably incorrect. Annual variations in the tidal forcing and the mean winds and temperature structure will also give rise to annual variations in the diurnal tide; however, both sets of the calculations in this paper using the Hagan et al. (1995a) model used the same values for these parameters for each given month. Thus, it was only the changed dissipation in these models that gave the improved agreement with observations. Of course, if there are errors in the assumed tidal forcings, this would imply that our derived dissipation is also incorrect. There are some uncertainties in the tidal forcings. For instance, the Groves (1982) tropospheric forcing calculations used very simpli®ed representations of upper-tropospheric water vapor.
Nevertheless, we feel that the mean wind and temperature state of the atmosphere and the tidal forcings are much better known than the atmospheric dissipation. Our estimates of the atmospheric dissipation should be regarded only as a re®ned estimate, however, until these other parameters (mean state and tidal forcings) are better determined.
Finally, the tidal structures and atmospheric dissipation calculated by Khattatov et al. (1997a, b) used UARS/HRDI data for the two years 1992 and 1993, and thus cannot address issues of year-to-year tidal variability, such as have been presented by Burrage et al. (1995) , for example. Two years of data were used in deriving the diurnal tidal structure by Khattatov et al. (1997a, b) to get more dependable statistics for the observations, so their results must be viewed as being relevant to a mean climatology for those two years. Thus, for example, the model comparisons in Fig. 1 are really between the ensemble of daily observations and models results for the climatological structure of the diurnal tide. For this reason, we would not expect the modeling results to reproduce the extremes of the observations.
Conclusions
We have presented tidal calculations using a state-ofthe-art tidal model using (1) best ®rst-principle guesses Khattatov et al. (1997b) for the tidal dissipation parameters and (2) dissipation derived from UARS/HRDI observations of the diurnal tide. The better agreement with observations using the HRDI-derived dissipation suggests that the speci®ca-tions of atmospheric dissipation used in state-of-the-art tidal models excessively damp the MLT diurnal tide and do not vary suciently throughout the year to give results in agreement with observations. This implies that those speci®cations of the atmospheric dissipation in the MLT region are probably incorrect. These results have broader implications than just obtaining better results in tidal models. Improved estimates for atmospheric dissipation also give some constraints on gravity wave parameterizations . They also have implications on constituent mixing as well as on the temperature structure in the MLT region. Yudin et al. (1997b) also consider the eects of the revised atmospheric dissipation on the semidiurnal tide.
